This paper presents a computer assisted design and modelling tool, P~ECAD@,, developed by CEAKERUM and its appplication to superalloy powder precision moulding. This tool includes a computer assisted design (CAD) module that enables the design of part, container and cores used to produce net-shape product from superalloy powder. The meshes of the different components are automatically generated in this module, even for complex 3D-geometry. A coupled FEM module modelled the HIP process using meshes and limit conditions generated by the CAD module. Powder data base is now available for titanium base alloys, stainless steel and nickel base superalloy SY625 produced by TECPHY. Data base for steel container and cores is also available for a large range of temperature. Deformed mesh is visualized on the CAD module and compared with initial and desired final shapes. Container and cores geometry can be optimized in order to produced the net-shape geometries where necessary in the part.
Introduction
Hot Isostatic Pressing (HIP) is an established process for compacting powder materials far below their melting point. Processing of superalloy powders using HIP has been used for many years in different industrial applications, especially to produce high quality parts with complex geometry. In the HIP process, a steel container is filled with superalloy powder, evacuated and then submitted to simultaneous application of high pressure (about 100 MPa) and a temperature of about 1100 "C for several hours. During the process, volume is reduced by about 30% and porosity is completely eliminated. It is important to obtain netshape HIP parts in order to reduce machining and material costs, particularly for superalloys, or even to produce non-machineable geometries. However, the final geometry of the product can not be simply deduced from the initial one, due to non isotropic deformation, because of container stiffness and temperature gradients during consolidation process. To produce net-shape parts, it is essential to be able to forecast the behaviour of the superalloy powder and steel container during HIP process in order to predict the final geometry of the product. Numerical simulation can provide much information about the final as well as intermediate stages of the HIP process. 
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Computer assisted design module PwCADWD r PR&ADO/D is the Computer Assisted Design (CAD) module. It is used to design both the part to be realized and the container and cores necessary to produce this part "net-shape" from powder. The geometry of the design part can be provided directly by the enduser, in the form of a data file, using common CAD interfaces, such as ICES. An example of CAD image is shown figure 2.
Figure 2 : CAD of the part to be realized.
To produce this part by net-shape HIPping, a container and some solid cores must be used. These different components constitute the mould that is shown in figure 3 . Machining programmes can be generated in the CAD module, as well as 3D control programme. Meshes, materials characteristics and limit conditions are then sent to the modelling module PreCADWM.
Modellinp module PRECADWM
To simulate consolidation of powder, a macromechanical approach is used. Powder is considered as a continuous medium with relative density as an internal variable. The relative density is defined as the ratio of the apparent density to the density of the fully dense material. deviator of the stress tensor where 0" is the Cauchy stress tensor and s" is the unity second order tensor. c and f are two functions representing the stress localisation induced by the porosity, and which a priori depend only on the relative density p. For full density (p=l), c=l and f=O so that the equivalent stress defined for the porous metal tends to the classical Mises equivalent stress. For small elastic strains, the strain rate D is partitioned into an elastic part and a viscoplastic part D,. This last term is derived from a viscoplastic potential Q, the normality rule being assumed.
The equivalent strain rate DeqY IS defined using the relation :
Using the expression (1) of the equivalent stress, and after some calculation one get :
DeqY and oeq are related using the creep law of the material. A simple Norton law is chosen in which the parameters A and n depend only on the temperature T. Dzq = A(+ ;p' (9) Density variations are related to D, through mass conservation :
Description oj'the calculation Finite Element Method (FEM) is used in PRECAD@/M module Simulation of HIP is available for plane strain, plane stress, generalized plane strain, axisymetric and tridimensional analysis.
The modelling procedure enables the user to carry out an incremental thermo-mechanical non linear analysis. For each time step, a thermic procedure first calculates a thermal map of the mesh. This procedure enables linear and non linear computations with conduction, convection and radiation. The therm0 dependant material parameters are then calculated and sent to the mechanical non linear procedure. There, the non linearity can result either from the material (visco-plasticity) or from large displacement, even from both [3] .
The material non linearity are integrated using a Runge-Kutta 2.1 method. A flow chart of the elastic-viscoplastic finite element program is given figure 5 [4].
Thermal history of the material is modelled, giving the possibility to predict the mechanical properties as well as the microstructure of the consolidated powder at the end of HIP process. The use of simulation requires the constitution of material data files containing physical and thermo-mechanical properties of the materials (Young modulus, Poisson's ratio, thermal expansion coefficient, creep properties, thermal conductivity, . ..) including coefficients of the porous constitutive equations for powder.
The material parameters for the model of Abouaf are introduced through four functions : A(T), n(T), c(p) and f(p).
Creep law parameters
The functions A(T) and n(T), describing the creep law being independent of the density of the material, are identified on the dense material using uniaxial compression tests. The temperature is introduced through an activation energy.
The experiments are performed at different temperatures. For each temperature, several axial deformation rates have been applied on the same specimen using the strain rate jump method. The resultant 739 stresses have been recorded. The power creep law has been fitted on the experimental curves strain rate -stabilized stress with a good accuracy.
Function f
The identification of the function f(p) is obtained on interrupted HIP tests through the measure of the densification kinetic.
During the densification of cylindrical samples under the pressure P and the temperature T, the evolution of the relative density is related to the function f through the relation :
Different HIP conditions are tested. For each HIP cycle, various step durations have been chosen and the relative density of the partially dense materials has been measured. A simple time derivation of the interpolated curves is then performed to obtain the master curves relating the densification rates with the relative densities. From these curves and knowing the creep parameters, it is possible to established the curve f(p).
Using this experimental procedure for 3 16LN stainless steel, it has been shown that the rheological function f is independent of both the temperature and the pressure even on a large range of T and P (temperature from 800°C to 1125°C and pressure from 15 to lOOMPa) [5] . Thus the function f depends only on the relative density p. This experimental result is in agreement with the theoretical assumption assumed by Abouaf concerning the independence of this function with T and P.
Function c
The identification of the function c(p) is obtained from uniaxial compression tests on porous samples.
Uniaxial compression tests under imposed strain rate have been performed on the porous samples obtained with interrupted HIP cycles. We may define now a new function called s(p) as the ratio of the measured stress on the porous material characterized by the relative density p, over the stress of the dense material submitted to the same strain rate. Using the equations of the model, and after some calculation one obtain the following relations :
The experimental function s(p) is first determined, then the rheological function c(p) is calculated.
A general framework of the experimental determination is given figure 6. [7, 81 and MERL76 [9] . These materials are usually produced by gas atomisation, however Lafer [8] has also studied a rotating electrod atomized Astrolloy made by Tecphy. The chemical composition of these materials is given in table I.
Creep law of the material is usually of Norton type (equation 9), but a Sellars-Tegart relation is often appropriate to cover a large range of temperatures and strain rates.
Ll,"q = A(T)[sh(ao eq)]n Thermal dependency of the A parameter is usually take into account with an Arhenius law :
The creep law parameters are A,, n, a and Q that must be experimentally determined for each material. Table II The experimental results are creep parameters of the materials at HIPping temperature (summarized table III) and rheological functions f and c of Abouafs model (figure 7 and 8). These functions have been identified for relative density from 80% to 100%. The tapped density of the powder is nearly 64%, so functions have to be extrapolated for density ranging from 64% to 80%. Figure 7 and 8 show that there is a great discrepancy between results of Abouaf [7] and Lafer [8] on an argon atomized Astrolloy powder. Processing of powder (gas atomization or rotating electrod) is extremly important as shown by the exponents of power law creep (2.52 for AA and 4.41 for RE). Exaeriments on Suuerallov SY625 made by powder metallurg\i
The alloy used in this study is the SY625, a solid solutionstrenghtened Nickel base superalloy made by TECPHY, France. It combines strength, good corrosion resistance at elevated temperature (up to 540°C) and good weldability. It has thus found applications m marine environments, aerospace, oil and gas industry and nuclear environments.
Moreover the powder of alloy SY 625 take advantage of all the benefits of powder such as near net-shape forming and tine microstructure. All these properties of the SY625 PM are due to its composition (see table II) [lo] .
The Nickel is the major constituent, A chemical composition of 50 to 55 % (weight percent) allows the alloy to have a maximum yield strenght. The addition of chromium increases the corrosion resistance and with molybdenum and niobium, they enhance the solid solution strenghtening because of their high atomic volume.
The titanium content is kept as low as possible because it induces titanium carbides and nitrides precipitations at prior particle boundaries [l 11. The nitrogen content is dependent upon atomization event and so it is more difficult to precisely control. The SY 625 PM is made without iron because it does not promote either the strenght or the corrosion resistance.
TECPHY made experiments on SY 625 PM at different temperatures of HIPping. Optimized temperature is determinated in order to have a maximum yield stress. The HIPping conditions are then 2 hours at 1120°C and lOOMPa. The reference HIP cycle is shown figure 7. Other experiments are on going at CEAKEREM to identify the rheological functions f and c of Abouafs model, using the experimental procedure presented earlier. Porous samples have been realized for relative density of 70% to lOO%, to be abble to interpolate the f and c functions on all the range of density.
Validation Process of Modellinp
The modelling module PRECAD@/M has been validated on real 3D-part for titanium alloys 1131, by comparison between the modelled and the realized part (Figure 9 ). Dimensions have been measured on a 3D-control machine with an accuracy of 4pm. Initial geometry is measured, then modelled and the part is realized in parallel. Final geometry of the part is measured after decanning on internal and external geometries. Comparison of the two geometries, modelled and realized, is made with the CAD module. The accuracy of the modelling is +_50 urn for internal cavities (Figure 10 and table IV) [14] . So net-shape complex internal geometries can be realized without extra machining after HIP cycle. External geometries are finally machined using conventional machining. The same validation process is on going for nickel base superalloy SY625. A computer assisted design and modelling tool for superalloy precision moulding, PreCADB, has been presented. It allows design, meshing and modelling for the HIPping of 2D and 3D parts. Thermo-mechanical modelling is performed with the GreenAbouafs viscoplastic model, using finite element method. Final geometry, temperature distribution and relative density map are available. Validation of the modelling by the comparison with an actually manufactured 3D parts indicates a * 50 urn accuracy on internal geometries of a titanium alloy parts. Such areas of the part can thus be realized net-shape. Only the external geometry has to be machined after decanning. This tool is industrially used to optimize geometries of cores and containers to realize net-shape parts by HIPping of titanium and stainless steel powders. Data base is also available now for SY625 Nickel base superalloys, and validation process is on going.
